Rupture of the internal elastic lamina may occur spontaneously with age in certain arteries of the rat and to various extents in different strains. This phenomenon may have some bearing on certain aspects of arterial pathology. For this study, we investigated biochemically the mechanisms of formation of interruptions in the internal elastic lamina (DEL) by comparing aortas of Brown Norway (BN) rats, which develop numerous IIEL in the abdominal aorta, with those of Long-Evans (LE) rats, which develop none. We isolated aortic elastin from BN and LE rats and determined its amino acid composition and its susceptibility to different elastases. No differences were found between the two strains, but the quantity of elastin isolated per aorta was lower in the BN than in the LE rats. Elastase-like activity (ELA) of whole aortic extracts, measured with Suc(Ala) 3 NA as a substrate, was greater in the BN rats than in the LE rats of both sexes. The assay of ELA in endothelium, media, and adventitia extracted separately showed very low levels in the media compared to the endothelium and adventitia. The endothelium accounts for about one-half of the total aortic ELA, but a difference between the two strains was detected only in the adventitia. With 3 H-insoluble elastins prepared from BN and LE aortas as substrates, elastinolytic activity (EA) was detected only in extracts of endothelium after prior exposure to trypsin. Extracts from BN endothelium on BN elastin were more active than were those from LE endothelium on LE elastin. The assay of lysyl oxidase activity in aortic extracts from the two strains with 3 H-collagen from chick embryo calvaria as the substrate showed a lower activity in the BN than in the LE rats. Taken together, these results suggest that increased elastase activity and decreased lysyl oxidase activity may be involved in the formation of IIEL (Arteriosclerosis 10:1136-1146, November/December 1990) S pontaneous rupture of the internal elastic lamina (IEL), associated with damage to endothelium and underlying smooth muscle cells, occurs with age in certain arteries of the Wistar rat and has been studied in detail in the caudal and renal arteries.
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1 - 6 Although the cellular elements repair rapidly, the interruption in the internal elastic lamina (IIEL) remains throughout life. Absence of the IEL appears to be without consequence in the arteries of the normal rat, but in conditions of hypercholesterolemia, lipids accumulate preferentially in the areas lacking IEL, 78 and in cases of severe hypertension, infiltration of blood constituents and fibrin deposits may be observed in these regions. 5 The rupture of the IEL appears to be affected by many factors, including age, sex, growth rate, and hemodynamics. 1245 More recent results suggest that genetic factors are also involved because a familial aggregation to some structural anomaly of the elastic fiber in the BN rat, which may be primary or secondary to some modification in enzymatic activity concerning the degradation (elastases) or the synthesis (lysyl oxidase) of elastic fibers. The involvement of lysyl oxidase is suggested by the results of our previous studies with BAPN. 69 We have thus examined amino acid composition and the susceptibility to different elastases of elastins isolated from BN and LE aortas, and we have measured elastase-like, elastinolytic, and lysyl oxidase activities in the aortic wall of these two strains.
Methods Materials
Inbred BN and LE rats were supplied by the Centre de Selection et d'Elevage d'Animaux de Laboratoire, La Source, Orleans, France. Suc(Ala) 3 NA was provided by Choay-Sanofi, Paris. NaB 3 H 4 (specific activity, 2.0 Ci/mmol) was from CEA, Saclay, France. L- (4,5 3 H)-lysine (75 Ci/mM, 2.78 TBq/mM, 5 mCi/ml) was from Amersham, UK-France S.A., Les Ulis, France. Achromobacter collagenase was purified in the Department of Protein Chemistry, Pasteur Institute, Paris (Professor Keil). Porcine pancreatic elastase (PPE, Type I, EC 3.4.21.36, in aqueous suspension), the kit for the determination of lactate dehydrogenase activity (No. 340 UV), phenylmethane-sulfonylfluoride (PMSF) and other elastase inhibitors, proline, glycine, sodium ascorbate, BAPN, and bicinchoninic acid solution were all from Sigma Chemicals, St Louis, MO. Eagle's basal medium with Earle salts and glutamine were from BioMerieux, France. Human leukocyte elastase (HLE) purified from purulent sputum was from Elastin Products Company, St. Louis, MO; trypsin (90% protein, 247 U/mg protein) was from Worthington (Freehold, NJ). Insoluble elastin was purified by hot alkaline treatment of bovine ligamentum nuchae (Solabia, Beauvais, France), and its purity was checked by amino acid analysis and sugar and hexosamine determinations. All other routine laboratory reagents were of the highest purity commercially available.
Isolation of Elastin and Amino Acid Analysis
The residues of homogenates of individual aortas from six male and four female rats of each strain after the extraction of elastase activity (two consecutive experiments, see below) were used to isolate elastin by the hot alkali method. After washing several times with distilled water and centrifugation at 40 000 g, individual residues were subjected to hydrolysis by 0.1 N NaOH at 98°C in a water bath (three times, 15 minutes). After exhaustive washing with distilled water, residues were dried and weighed.
Hydrolysis for amino acid analysis was carried out in HCI vapor (HCI 6 N, in the presence of phenol at 105°C) for 20 hours. Analysis was performed in a Pico-Tag system (Millipore-Waters Chromatography Division, St. Quentin in Tuelines, France). Derivatization of amino acid residues was carried out with phenylisothiocyanate (PITC). Phenyl thiocyanate (PTC) amino acids were then applied to a C18 reversed-phase chromatography column at 38°C. They were eluted according to their hydrophobicity by a gradient of acetonitrile, slightly modified compared to the standard Pico-Tag method to obtain a satisfactory separation of PTC-phenylalanine, PTCisodesmosine, PTC-desmosine, and PTC-lysine. The PTC amino acids were detected after elution from the column by measurement of their optical density at 254 nm, and their concentrations were determined by comparison with known concentrations of standard amino acids.
To examine the amino acid content of BN and LE elastin prepared by a milder method than that with hot NaOH, residues of homogenates of individual aortas of male rats after extraction of lysyl oxidase activity (see below) were extracted twice for 24 hours at 4°C with guanidine-HCI 5M (in the presence of elastase inhibitors: 0.1% ethylenediaminetetraacetate, 0.05% dithiothreitol, 4 mM N-ethylmaleimide, and 2 mM PMSF). After washing with distilled water until salt-free, collagen was extracted from the residue by two 24-hour incubations with bacterial collagenase (about 1 : 25 000 dry weight, collagenase/ residue ratio) at 37°C in 0.1 M Tris HCI (pH 7.4) containing 1 mM of CaCI 2 , 2 mM of PMSF, 5 mM of Nethylmaleimide, and 0.01% NaN 3 . The residue was again washed and delipidated by chloroform/methanol (2M vol/vol) twice for 12 hours with continuous stirring; then it was dried, weighed, and subjected to amino acid analysis after hydrolysis by HCI as described above.
Measurement of Elastase Activity

Animal Protocol and Tissue Sampling
Twenty BN and 20 LE rats of both sexes and of varying ages were used for the elastase determinations. They were untreated and fed a standard laboratory chow with tap water to drink. In each experiment, age-and sexmatched BN and LE rats were compared.
The rats were stunned, and about 1 ml of blood was sampled by cardiac puncture and was transferred to glass tubes. The aortas were then immediately dissected out from the aortic arch to the iliac bifurcation, were washed in Hank's solution and were cleaned of any adipose tissue. After blotting and weighing, protease activity was extracted by homogenizing each aorta in 1 or 2 ml (depending on the size of the aorta) of 0.1 M Tris HCI (pH 8) containing 1 M NaCI, 0.02% NaN 3 , and 0.01% Brij 35; the homogenate was then gently agitated at 4°C for 48 hours. After centrifugation, the supernatant was assayed as described below for its activity against either a chromogenic synthetic substrate (elastase-like activity, ELA) or radiolabeled insoluble elastin (elastinolytic activity, EA).
Blood was left to clot at room temperature and was centrifuged. Serum was diluted 10 times in 0.1 M Tris HCI (pH 8); 50 and 100 /xl aliquots of this dilution were taken for the assay of ELA.
In some experiments, we tried to determine more precisely the cellular origin of the activity measured. Aortas were opened lengthwise, the endothelium was scraped off and collected in a known volume of Hanks solution, and the media and adventitia were separated with fine tweezers. The media and the adventitia were then blotted, weighed, and treated as whole aortas for the extraction of elastase activity. Histological controls were performed to check the efficiency of this media/adventitia separation. The suspensions of endothelial cells were treated with 0.01 % Triton X-100 at 4°C for 12 to 24 hours before assay.
Assay of Elastase-like Activity with Suc(Ala) 3 
NA as Substrate
Assays with the chromogenic synthetic substrate, A/-succinyltrianaline paranitroanilide (Suc[Ala] 3 NA), were performed according to the method of Bieth et al. 12 Fifty and 100 til aliquots of aortic extract or serum diluted 10 times were incubated in a final volume of 1 ml of 0.1 M Tris-HCI (pH 8) containing 0.02% NaN 3 and 20 /xl of Suc(Ala) 3 NA (125 mM in A/-methylpyrrolidone), at 37°C. After different incubation times (6, 12, or 24 hours) the hydrolysis of substrate was evaluated by measuring the optical density of the incubation mixture in a Pye-Unicam SP6-550 spectrophotometer (Phillips) at 410 nM. The linearity of the reaction with time was checked in each experiment. The results are expressed as the nmole of substrate hydrolyzed per hour per gram of aorta or per aorta.
In some cases, to characterize the enzymes involved in the hydrolytic activity measured, different inhibitors (EDTA 2 to 4 mM, PMSF 2 to 4 mM, elastatinal, and Eglin C both at 20 /xg/ml) were added to the assay medium. In other cases, latent enzymatic activity was determined by the addition of trypsin (5 or 10 /xg/ml) to the aortic extract at least 1 hour before the addition of substrate.
Assay of Elastinolytic Activity with 3 H-lnsoluble Elastin as Substrate
For assays with insoluble elastin as the substrate, the procedure was as follows. Insoluble elastin was prepared from aortas of BN and LE rats by use of the collagenase method described above. Elastin was then radiolabeled by chemical reduction with NaB 3 H 4 as previously described 13 to a specific activity of 65x10 6 cpm/mg for the BN elastin and 75x10 6 cpm/mg for the LE elastin. Insoluble elastin from bovine ligamentum nuchae was also similarly radiolabeled (specific activity of 88x10 6 cpm/mg). Fifty and 100 ju,l aliquots of aortic extract were incubated in 1 ml of 0.1 M Tris-HCI (pH 8) containing 0.01% Brij 35 and 100 /xl of tritiated elastin (1 mg/ml) in suspension at 37°C with constant gentle agitation. At selected times after the beginning of the incubation, tubes were centrifuged for 10 seconds at 10 000 g in a hematocrit centrifuge, and a 15 /xl aliquot of supernatant was taken and counted in 4 ml of scintillation liquid (Ready Gel TN, Beckman, France, Gagny, France) to quantify the amount of elastin solubilized. The rest of the insoluble elastin was then resuspended to continue the incubation. At the end of the experiment, the remaining insoluble elastin in each tube was totally digested by addition of excess PPE, and the rate of hydrolysis was expressed as a percentage of the total 3 H-elastin present in each assay tube or as micrograms elastin digested over the incubation period.
As for assays with the synthetic substrate, the latent enzymatic activity was determined by the prior addition of trypsin (10 /xg/ml) to the aortic extracts, and in some cases, EDTA (final concentration 4 mM) was added. Controls were performed by incubating 3 H-elastin with and without trypsin in the absence of aortic extracts. The susceptibility of the two 3 H-elastins (BN and LE)
to hydrolysis by heterologous elastases (PPE and HLE) was determined in a different experiment by using the same methodology.
Measurement of Lysyl Oxidase Activity
Four BN and four LE female rats (aged 2 months) and six BN and six LE male rats (aged 3 months) were used in two consecutive experiments. The rats were stunned; the aorta was dissected out immediately, was cleared of blood and adipose tissue in ice-cold saline, was divided into thoracic and abdominal segments, and was frozen in liquid nitrogen.
On the day of assay, the aortas were weighed, minced, and homogenized in 150 mM KH 2 PO 4 buffer, pH 7.8 (20 mg/ml) by use of a Dounce homogenizer or a 5 ml Potter homogenizer with a tight ground glass piston (Duall 22, Kontes, Vineland, NJ). The samples were centrifuged at 4°C, and the supernatants were discarded. Pellets were homogenized in 2 ml of buffer containing 5 M urea, and the homogenates were kept at 4°C overnight and then centrifuged. Supernatants containing the lysyl oxidase activity were dialyzed for 36 hours at 4°C against 200 volumes of buffer with eight changes of buffer and then kept frozen at -80 c C while awaiting the assay.
The soluble collagenic substrate used for this assay was derived from 17-day-old chick embryo calvaria which were pulsed for 24 hours under sterile conditions with L-(4,5 3 H) lysine (2 mCi/100 embryos) in Eagle's basal medium containing 50 /xg/ml BAPN, praline, glycine, and sodium ascorbate plus 100 Ul penicillin and 100 /xg/ml streptomycin according to the method of Prockop and Tuderman.
14 Calvaria were then rinsed and homogenized in liquid nitrogen with a SPEX freezer mill. The powder was solubilized for 12 hours in the pH 7.8 buffer containing protease inhibitors (0.1% EDTA, 4 mM A/-ethylmaleimide, 2 mM PMSF, and 1 mM benzamidine). After centrifugation, the supernatant contained the soluble tritiated substrate, which was pelleted after addition of 20% NaCI and stored at 4°C for 12 hours. The pellet was resuspended in 10 ml of buffer and dialyzed for 48 hours against 200 volumes of the same buffer with eight changes of buffer. The dialyzate was clarified by centrifugation, and the supernatant was used as substrate after less than 6 weeks at -80°C.
The enzymatic reaction was carried out for 6 hours at 37°C with continual shaking in a final volume of 2 ml containing 10 6 dpm of tritiated substrate and three different concentrations of limiting rate of enzyme in the pH 7.8 buffer. The reaction was stopped by the addition of 200 /xl of 50% trichloroacetic acid. The tritiated water formed was isolated by vacuum distillation, and the radioactivity in 1 ml aliquots of distillate was determined by liquid scintillation counting. The specificity of the assay system was monitored by incubation of the reaction medium in the presence of 50 /ig/ml BAPN. The protein contents were measured by the colorimetric method by use of bicinchoninic acid after removal of lipids by methanol and methylal/methanol (4=1 vol/vol) treatment and solubilization of proteins in 0.1 N NaOH. The results were expressed as dpm of tritiated water formed per 6 hours per microgram of protein in the aortic extract.
Results
The morphology of the abdominal aortas of BN and LE rats is illustrated in Figure 1 . MEL are prominent in the BN and absent in the LE, where only small, normal fenestrations of the IEL may be seen.
Isolation and Characterization of Brown Norway and Long-Evans Elastins
The quantity of elastin isolated per aorta or per gram aorta by the hot alkali method was significantly lower in the male BN than in the male LE, as shown in Figure 2 . The results in the female rats showed the same tendency but did not reach statistical significance due to the small number of rats studied. The results from male and female rats cannot validly be compared as they come from separate experiments. Elastin from male BN and LE rats isolated by the collagenase method also showed the same tendency, but the values varied widely. The results of amino acid analysis of BN and LE aortic elastins prepared by the two methods are reported in Table 1 . No differences in amino acid composition were observed between the two strains, but differences were noted between elastins isolated by the two different methods. There was an increase in charged amino acids (aspartic and glutamic acid, arginine), serine, and threonine in elastin prepared by the milder method compared to that prepared by the hot alkali method.
Another way to check the purity and to appreciate the eventual differences between the elastins prepared from the two strains was to compare their susceptibility to degradation by PPE and by HLE. There was no noteworthy difference in the rate or extent of hydrolysis of BN and LE elastin by these two heterologous elastases under our experimental conditions. PPE was 2.5 times more active on both elastins than was HLE at the same molar concentration (1 jttg PPE digested 7.5 ^g elastin/hour, and 1 tig HLE digested 3.0 ng elastin/hour at an elastin concentration of 0.1 mg/ml over an incubation period of 7 hours).
Elastase Activity
Elastase-like Activity with Suc(Ala) 3 NA as Substrate
Whole Aorta. The hydrolysis of Suc(Ala) 3 NA over the period of incubation under the conditions used in our experiments was linear. Figure 3 shows the results of the assay of elastase-like proteolytic activity in extracts from whole aortas of four BN and four LE female rats aged 6 to 7 months and six BN and six LE male rats aged 4 to 7 months. There was significantly greater hydrolysis of substrate by extracts of BN aortas than by those of LE aortas in both sexes (Figure 3) . This difference was significant whether the results are expressed per gram of aorta or per aorta. Extracts from male and female rats were tested in separate experiments and so cannot be compared.
The effects of the presence of inhibitors on hydrolysis of Suc(Ala) 3 NA by whole aortic extract were as follows: EDTA inhibited a large part of the activity (74%) and PMSF, a small part (9%). No inhibitory effect was ob- served for elastatinal or Eglin C, which inhibit PPE and HLE, respectively.
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In one experiment performed on two male 3-month-old rats of each strain, the aortas were divided into thoracic and abdominal segments and the ELA assay was performed on these segments separately. Elastase-like activity was greater in the abdominal segment than in the thoracic segment in the BN strain (mean values, 1115 and 875 nmol substrate hydrolyzed per hour per gram aorta, respectively), but this difference was not observed in the LE strain (mean values for abdominal and thoracic, 480 and 670 nmol substrate hydrolyzed per hour per gram aorta, respectively). It is of relevance to recall here that spontaneous rupture of the IEL in the BN rat occurs only in the abdominal segment and not in the thoracic segment. 9 Serum. Elastase activity in serum was not significantly different between the two strains. Values obtained (expressed as nmol of substrate hydrolyzed per hour per ml of serum) were 364±46 and 335±49, respectively, for male BN and LE rats (n=6); and 335±50 and 308±35, respectively, for female BN and LE rats (n=4).
Assay in Different Tunica of Aorta. In two experiments, we removed the aortic endothelium by scraping, separated media from adventitia, and assayed elastase-like activity in the media and adventitia separately. Pooled results from eight age-and sex-matched rats of each strain are shown in Figure 4 . There was significantly more activity in the adventitia than in the media in both strains, and there was significantly more activity in the BN adventitia than in the LE adventitia. Histological control of the separated media and adventitia showed that in no case was the media contaminated with adventitia, but that often a small part of the outer media remained attached to the adventitia. In view of the extremely low elastase-like activity in the media compared to the adventitia, this contamination of the adventitia with media can be considered as unimportant for the interpretation of the results. These results suggest that the difference observed in the whole aortic activity between the two strains originates in the adventitia. However, when we added activities measured in the adventitia and media of each aorta, we reached only approximately 50% of the values usually found in total aorta. This suggested that part of the activity in the total aorta was in the endothelium that we had discarded.
Elastase activity was thus measured in the endothelium of five rats of each strain. Endothelial cells were scraped off, were collected in a known volume of Hanks solution, and were treated with 0.01% Triton X-100 at 4°C for 12 to 24 hours before assay. If the results are expressed per aorta ( Figure 5 ), we can compare the respective part of the activities provided by the three different cell types in the aorta (endothelial cells, smooth muscle cells of the media, and fibroblasts of the adventitia). It may be seen that the endothelium accounts for about half of the activity on Suc(Ala) 3 NA of the total aorta.
No difference between the two strains was noted with respect to endothelial activity when expressed per aorta. LDH activity was assayed in the endothelial extracts at 1 hour after the addition of Triton X-100 to obtain some index of the number of endothelial cells in each sample. However, when we expressed elastaselike activity as a function of LDH activity, no difference was noted between BN and LE rats. No additional latent enzyme activity was detected in these assays after pretreatment of the endothelial extract with trypsin.
It thus appears that the major difference between the two strains concerning elastase-like activity on Suc(Ala) 3 NA resided in the adventitia although a considerable proportion of the total activity was present in the endothelium and may thus be relevant to MEL formation.
Elastinolytic Activity with 3 H-lnsoluble Elastin as Substrate
No significant EA was detectable in extracts from the whole aortas from rats of either strain when insoluble elastin was used as a substrate. When assays were performed on extracts from adventitia, media, and endothelium as described above, still no significant activity was detected in any case, but when trypsin (10 //.g/ml) was added to the extracts at 1 hour before the addition of substrate, a significant activity on aortic elastin was detected in the endothelial extracts only ( Figure 6 ). The trypsin itself had a very slight elastase activity, and when this was deducted from the activity of the aortic extracts, around 2% to 5% of the total 3 H-elastin (approximately 70 /ig/ml) was solubilized by endothelial extracts after 72 hours of incubation, i.e., 1.2 to 3.5 ng elastin digested by 100 jtl of extract in 72 hours. BN endothelial extracts on BN elastin had a greater effect than LE endothelial extracts on LE elastin. If we calculate from these results the quantity of elastin that may be digested by the entire endothelium of the aorta, we find that the LE rat had 0.25 /*g/hr and for the BN rat, 0.72 /xg/hr. This EA was inhibited by the presence of EDTA. No significant activity of trypsin-treated endothelial extracts was observed on insoluble elastin prepared from bovine ligamentum nuchae.
Lysyl Oxidase Activity
The results of the lysyl oxidase assay are summarized in Figure 7 . When the results are expressed as dpm of tritiated water released per 6 hours per microgram protein in the extract, there was significantly greater activity in the aortas of LE rats than in BN rats, with the exception of the male rats' abdominal aortas. The activities of male and female rats cannot be compared because the two experiments were performed with different batches of tritiated substrate.
Discussion
In humans, interruptions or gaps in the IEL are present in most large and in some medium-sized muscular arteries and have been described in detail by Meyer et al. . Latent elastinolytic activity of extracts of aortic endothelium from female rats expressed as percentages of total elastin hydrolyzed by 100 y\ of endothelial extract as a function of time. Endothelial extracts were incubated with 10 ^.g/ml trypsin for 1 hour before addition of insoluble elastin as substrate. Values are given after deduction of activity of trypsin.
•=Brown Norway (BN) endothelium on BN elastin, o=Long-Evans (LE) endothelium on LE elastin. n=3 at each point.
exact significance is at present unknown. Other groups have shown that various defects in the IEL, including the formation of fragmentations and interruptions, occur with age in different human arteries, are more pronounced in male than in female subjects, and appear to be related in some way to the subsequent development of intimal thickening and atherosclerosis or arteriosclerosis.
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In the rat, we have several lines of evidence suggesting that spontaneous MEL formation may be related to some aspects of arterial pathology. First, rupture of the IEL is accompanied by lipid deposits in the hypercholesterolemic rat 78 and by fibrin deposits in some cases of severe hypertension. 5 Second, repeated reproduction increases IIEL formation especially in the female, 4 and also leads to the development of premature arteriosclerosis in the rat. 20 Third, the BN strain, which has a tendency to develop large numbers of IIEL, shows poorer survival and increased vascular fragility in hypertension compared to the LE strain, which develops very few IIEL 9 Preliminary results suggest that this is also the case in the SHR-SP rat, since this substrain develops more IIEL than does the stroke-resistant SHR rat. 11 In addition, the fact that BAPN causes increased IIEL formation and has also been shown to cause aneurysm formation and aortic rupture 21 -22 suggests that these phenomena may all have similar underlying mechanisms. In view of all these facts, rat arteries that develop IIEL spontaneously present an interesting model for the study of mechanisms that may be of relevance to arterial pathology.
The observation that IIEL form spontaneously in the aortas of the BN rat provided us with the opportunity of performing biochemical experiments on the aortas of individual rats to elucidate the possible mechanisms involved in the phenomenon. Previously studied caudal and renal arteries 1 -5 provide too little material for such biochemical studies without pooling arteries from different animals. The larger size of the aorta allows such studies and even permits dissection of the different tunica of the artery. The parameters we chose to study in these two strains were 1) the amino acid composition of the aortic elastin and its susceptibility to hydrolysis by heterologous elastases, 2) the elastase-like or elastinolytic activity, and 3) the lysyl oxidase activity present in aortic extracts. Since no marked difference was observed between male and female BN rats for IIEL formation in the abdominal aorta 9 or for aortic ELA in our preliminary experiments, we have performed this study on both male and female rats, always comparing age-and sexmatched BN and LE rats.
Elastase activity has been shown to be increased in human atherosclerotic aorta 23 and aortas of patients with dissecting aneurysms 24 compared to that in normal aorta and also in the abdominal aortas of patients suffering from abdominal aortic aneurysms compared to that in patients with occlusive disease or in normal subjects. 252627 As for lysyl oxidase activity, it appears that a decreased lysyl oxidase activity is associated with aneurysm formation in the "Mottled" series of mutant mice 28 and with spontaneous aortic rupture in the hypertensive male turkey, 29 but in humans, conclusive evidence for alterations in lysyl oxidase activity in vascular disease is lacking. However, some alterations have been reported in various hereditary connective tissue diseases, which may present vascular complications. 3031 Our results indicate that there are no major differences in the amino acid composition of arterial elastic fibers between BN and LE rats. Amino acid analysis of rat elastin prepared by the two methods do not greatly differ from those published by Starcher and Galione 32 using a method combining trypsin and cyanogen bromide treatment. Nevertheless, it appears evident that the method of isolation influences the results obtained. In addition, despite our efforts to modify the solvent gradient to separate the cross-linking amino acids desmosine and isodesmosine, no differences were observed in their concentrations between the two strains. Since we did show a difference in lysyl oxidase activity between the two strains, a difference in cross-link number or quality should exist. It is possible that the hot alkali method, which is very harsh, extracts any poorly cross-linked elastin in the BN in such a way that the remaining elastin contains as many cross links as LE elastin. However, because no difference was noted either in the collagenase-prepared elastin, we conclude that the method used is not sensitive enough for their precise quantification, since they represent less than 1 % of total amino acids. To answer this question, it will be necessary to develop a more sensitive method for measuring desmosine and isodesmosine, such as an enzyme-linked immunosorbent assay. 3334 The quantity of elastin isolated by the hot alkali method was less in the BN, again suggesting that perhaps some poorly cross-linked elastin was extracted by the harsh alkaline treatment, although perhaps the absence of the IEL along a considerable length of the aorta 9 was sufficient to explain this difference. The greater elastase activity in this strain is also in keeping with the smaller quantity of elastin isolated. Indeed, an inverse relation between elastin content and elastase activity has already been described in human aorta 2325 and in the rat aorta in hypertension compared to normotension 35 and may also apply here although we found no significant negative correlation between individual values of hot alkali-extracted elastin/g aorta and total ELA/g aorta.
The fact that no marked differences were apparent between the BN and LE elastins as to their rate of hydrolysis by PPE and HLE also suggests no great difference in structure between the two elastins. Indeed, in our previous study, 9 we observed no structural difference at the electron microscopic level between elastins from BN and LE aortae.
We did find a difference in the ELA of whole aortic extract between the two strains, the higher activity in the BN suggesting that ELA may be related to IIEL formation. However, when we dissected the aorta to determine the cellular origin of the ELA, we found that the majority of the activity arose from the endothelium and the adventitia, with the difference between the two strains originating in the adventitia and thus being presumably of fibroblastic origin. Since the elastin affected in the BN is predominantly the IEL, and is thus on the luminal side of the artery, it is difficult to conceive a role for adventitial elastase in this phenomenon. However, in BN arteries other than the aorta, some of the medial lamellae and even the external elastic lamina (especially in the renal artery) are affected. 9 In addition, if adventitial ELA acts diffusely, perhaps hemodynamic considerations would explain why the IEL is usually the only lamella to rupture. It has, indeed, been shown that ELA is secreted into the culture medium by cultured human skin fibroblasts, 36 and so a diffuse action cannot be excluded.
However, a considerable proportion (around 50%) of the total aortic ELA came from the endothelium. This is of interest since the IEL lies just below the endothelium in the rat and so would be an ideal target for this activity. We were unable to demonstrate a difference between the two strains concerning the endothelial ELA, but this may be due to technical limitations. Mechanically scraping off endothelium and collecting it in a known volume lacks precision. We used the measurement of LDH activity to try to quantify endothelial cell concentration in the medium but were still unable to detect any differences in ELA between strains when expressed as a function of LDH activity.
The inhibitory profile of the ELA of whole aortic extract suggests that the activity is of neither pancreatic nor leukocytic origin, as elastatinal and Eglin C were without effect. Metalloproteases were responsible for the majority of the activity, as EDTA had a strong inhibitory effect, with a minor contribution from serine proteases (inhibited by PMSF). The inhibitory profile of the adventitia and endothelium was quite similar to that of the whole aorta, with a predominance of metalloprotease activity, whereas in the media, less than 50% of the activity could be attributed to metalloprotease activity. This is in accord with previously published results in human skin fibroblasts 3637 and in porcine endothelium in culture, 38 where activity on Suc(Ala) 3 NA was strongly inhibited by EDTA, and in smooth muscle cells 39 where serine proteases were responsible for the activity.
Reports in the literature vary as to the type of elastase activity involved in aneurysm formation. It may be of pancreatic origin, 27 leukocytic origin, or arise from the smooth muscle cells, 25 but no one has described a specific role of adventitial or endothelial elastases. Although immunohistochemical studies have demonstrated the presence of elastase in the endothelium and subendothelial space in the stroke-prone SHR rats, 40 another group has reported that increased aortic elastase in the hypertensive rat is of medial smooth muscle origin. 35 In vitro experiments have shown elastases to be produced by aortic endothelial cells, 384142 smooth muscle cells, 3943 fibroblasts, 363744 platelets, 45 leukocytes, 46 and macrophages, 47 and all of these may be involved in degradation of arterial elastin, in addition to circulating elastase of pancreatic origin. 27 Our results with inhibitors and the fact that we found no difference in ELA of serum between our two strains suggest that circulating ELA is not involved in the phenomenon under study and that the activity is produced locally by the cells of the arterial wall.
We were, however, able to detect a latent enzymic activity on insoluble elastin by trypsinization of the endothelial extract for 1 hour before the assay. This activity, which was undetectable in adventitia and media, was very low but was significantly greater for BN endothelial extracts acting on BN elastin than for LE extracts acting on LE elastin and may thus be involved in IIEL formation. Indeed, in our in vitro conditions of assay, 2% to 5% of the total elastin (0.1 mg/ml) was digested in 72 hours. Considering that in vivo such processes may be going on over months and even years, it is quite conceivable that such activity may have a significant hydrolytic effect on arterial elastin throughout life and may thus be involved in IEL rupture. Elastic fibers weakened by exposure for long periods to weak hydrolytic activity may break when exposed to hemodynamic forces. Menashi et al. 38 have described the presence of elasinolytic activity in cultured porcine endothelial cells, which was also inhibited by EDTA.
Studies on cultured endothelium may provide further information as to the genetic nature of this elastinolytic activity. Indeed, the increased elastinolytic activity described in the aortic media of hypertensive rats compared to normotensive rats was not found in cultured smooth muscle cells from the same animals. 48 We had previously suspected that a deficiency in lysyl oxidase activity was involved in IIEL formation, since BAPN administration to rats induces similar lesions. 69 In addition, the fact that in the caudal artery IIEL form in large numbers during the period of rapid growth associated with puberty 1 and that growth inhibition diminishes their formation (unpublished observations), suggests that in this artery the defect arises during elastin synthesis. The present study, where we have directly measured lysyl oxidase activity in aortic extracts, tends to support this hypothesis, since activity expressed per milligram protein in the extract was lower in the BN than in the LE. It thus appears that decreased crosslinking in BN collagen and elastin may contribute to IIEL formation under hemodynamic stress.
In some series of mottled mouse mutants that have been shown to have a deficiency in lysyl oxidase activity, decreased cross-linking of connective tissue molecules leads to aneurysm formation. 28 In addition, BAPN administration to young rats leads to aneurysm formation and aortic rupture. 2122 In BN rats, no aneurysm formation or vessel rupture occurs spontaneously, as the lysyl oxidase deficiency is small (25% to 30%). IIEL formation may perhaps be considered as a minor subclinical form of a disorder leading to aneurysm formation. The fact that we observed no difference in lysyl oxidase activity between male BN and LE abdominal aortas is disappointing because this is the part of the aorta most affected by IIEL formation. However, wide individual differences were present, and it also appears from our results that elastin degradation may also be involved in IIEL formation, especially in the abdominal aorta.
The fact that decreased lysyl oxidase activity appears to parallel increased elastase-like activity in the BN rat raises the question as to the relationship between these two enzymes and their exact respective roles in elastin turnover. We found no increase in elastase-like activity in aortas from BAPN-treated rats compared to untreated controls (unpublished observations), suggesting that increased elastase activity is not inevitably coupled with the decreased lysyl oxidase activity that we have observed in the BN rat. However, in some connective tissue diseases where decreased lysyl oxidase activity has been evoked, increased elastase activity has also recently been reported. 44 It is thus possible that a slight decrease in lysyl oxidase activity resulting in mildly defective cross linking coupled with a slight increase in elastase activity may have far-reaching effects on elastin metabolism. It has been shown in vitro that partially cross-linked elastin prepared from copper-deficient animals is more susceptible to proteolysis by elastase than is normal elastin. 49 At least in the BN rat, the synergism of a small decrease in lysyl oxidase activity and an increase in elastase activity appears to be involved in IIEL formation.
